ABSTRACT Besides the pilot symbols, the received data signals also contain some extra channel state information (CSI), which can be exploited to further improve the channel estimation accuracy. Considering a multi-cell multi-user massive multiple input multiple output (MIMO) with Ricean fading, the spectral efficiency for joint processing of the pilot and data strategy is investigated. Through the mutual information analysis of the multi-cell multi-user massive MIMO system, the intractable expression for the ergodic spectral efficiency is lower bounded and decomposed into three terms, where the explicit physical meanings of them are discussed in detail. Facilitated by the decomposing operation, an asymptotic closed-form expression of the spectral efficiency is obtained, and it is proven to be accurate. Comparing with separate processing, numerical results show that the joint processing outperforms the separate processing in spectral efficiency since the additional CSI is captured. The performance advantage for joint processing over separate processing becomes obvious as the coherence block duration of channels (T ) increases. For a long enough T , joint processing eventually approaches the case with perfect CSI in terms of spectral efficiency. In addition, the inter-cell interference heavily reduces the system performance of joint processing when T is relatively small.
I. INTRODUCTION
By adopting a large antenna array at the base station (BS), massive MIMO exploits extra spatial degrees of freedom to enable extremely narrow beams for many users, leading to a drastic increase in spectral efficiency, communication reliability and energy efficiency with simple signal processing techniques [1] , [2] . In addition, for practical implementation, it is very attractive to arrange these antenna elements with cheap, and energy-saving radio hardwares. Benefiting from all these features, massive MIMO becomes one of the key technologies for the next generation wireless communication systems [3] .
More antennas incur the hardware physical size problem in massive MIMO, which facilitates the millimeter The associate editor coordinating the review of this manuscript and approving it for publication was Hamed Ahmadi.
wave (mmWave) technique with compact dimensions of antenna arrays [4] , [5] . The combination of mmWave and massive MIMO has potential to dramatically improve the system throughput, wireless access, energy efficiency, and flexibility [6] . While highly directional nature of propagation for mmWave introduces some new features, strong Line-ofSight (LOS) propagation plays an important role at mmWave technique [7] . Therefore, the application of massive MIMO should take the strong deterministic LOS links into consideration. Much of the previous works focus on the Rayleigh fading channel in massive MIMO systems [8] - [10] . As for a more general fading model, Ricean fading considering LOS is more beneficial than Rayleigh fading in terms of the average rate by utilizing the random matrix theory [11] . The work of [12] proves that for a set of extreme scenarios under which massive MIMO could fail in Ricean fading channels, the massive MIMO is still effective at averaging out the effects of intracell interference, small scale fading and additive noise by any standard scheduling scheme.
Besides channel fading model, the acquisition of channel state information (CSI) plays an important role in signal detection, and the accuracy of the acquired CSI is strongly associated with the system performance. Lund university and the University of Bristol have measured the performance of real-time massive MIMO system operating in LOS, and concluded that the CSI needs to be updated more frequently as the number of antennas increases [13] . Consequently time division duplex (TDD) with channel reciprocity is preferable for massive MIMO systems due to the large number of antennas [14] , [15] . By reciprocity, BS performs channel estimation through the predetermined pilot symbols in the uplink and then uses the acquired CSI for both transmit precoding and signal detection, where processing steps are executed separately. In addition, an important result is given in [16] , in which the author indicates that when the number of antennas increases without bound, the only factor limiting system performance is the effect of pilot contamination. Therefore the pilot overhead is a significant factor which dominates the accuracy of channel estimation and imposes severe limitations on the whole system performance [17] .
Motivated by improving the system performance without increasing the pilot overhead, some researchers moved on to exploit the CSI carried by data symbols rather than just focusing on the design of the pilot or estimator. In [18] the direction of arrival correlated to CSI is estimated by using data symbols as well as pilot signals after projecting the received signal to a lower dimensional subspace, and the estimation accuracy is significantly improved over solely pilot-based channel estimation scheme. Considering the cooperation between BSs, paper [19] concludes that the detected uplink data signals can provide sufficient degree-of-freedom for channel estimation to help mitigating interference in an iterative way. The iterative joint channel estimation and data detection schemes are studied in [20] , indicating the data signals can aid the system to suppress the pilot contamination effect and achieve high spectral efficiency. A three-stage iterative data-assisted channel estimation scheme is proposed in [21] , which utilizes the previous uplink data symbols to improve the current channel estimation. Obviously, the above approaches develop a concept of joint processing, where the channel estimation is dependent on both pilot and data symbols in contrast to the separate processing in traditional receivers. Furthermore, in comparison with a separate processing by solely pilotbased channel estimation, the performance gain of a joint processing has been evaluated in some prior works [22] , [23] . Nevertheless, prior works are of significant importance to verify the value of joint processing in a way of theoretical analysis. However, papers [23] and [22] have focused on the single-input single-output (SISO) and MIMO of a single cell rather than multiple cell scenario. Obviously the multicell MIMO network is more realistic and more complex in practical communication systems. In this paper, our work can be seen as an extension of the previous works to the case of a multi-cell multi-user massive MIMO in Ricean fading channels. In particular, some novel and interesting conclusions different from the previous works are obtained. To the best of our knowledge, this is the first time that the joint processing issue is discussed in a multi-cell massive MIMO system with Ricean fading. More specifically, our main contributions are summarized as the follows.
1) Taking Ricean fading channels into consideration, we analyze the mutual information of joint processing and decompose the intractable lower bound expression into three terms with explicit physical meanings, which further indicates the advantage of joint processing: it can compensate for the performance degradation caused by separate processing. 2) Adopting the asymptotic theory of large dimensional matrix in massive MIMO, we derive the asymptotic closed-form expressions for the three terms of the lower bound on the spectral efficiency one by one. 3) Through the simulation results, our proposed asymptotic closed-form expression of spectral efficiency is shown to have a satisfying accuracy. In addition, we verify the spectral efficiency improvement in joint processing compared with the separate processing in Ricean fading channels. We find that massive MIMO system with a multi-cell structure shows some different properties from the single-cell SIMO and MIMO systems. The reminder of the paper is organized as follows. Section II introduces the system model. In Section III, considering multi-cell multi-user system, we analyze the lower bound of the system capacity in joint processing, and decompose the lower bound into three terms. In the next section, the closed-form expressions of the three terms proposed in Section III are derived, separately. Section V gives the ergodic spectral efficiency with joint processing in multi-cell multiuser massive MIMO system. Numerical results are shown in Section VI. Section VII concludes the paper.
The notation adopted in this paper conforms to the following convention. Vectors are column vectors and are denoted in lower case bold: x. Matrices are bold upper case letters, e.g., A. I K denotes the identity matrix with size K × K . (·) T and (·) H represent transpose and Hermitian transpose, respectively. (·) * denotes the conjugate operation. det(A) denotes the determinant of A. diag (x) is a diagonal matrix with x on its diagonal. The operator E(·) denotes expectation, and the covariance operator is given by cov(x, y) E(xy H ) − E(x)E(y H ).
II. SYSTEM MODEL
As shown in Fig.1 , we consider L cells, and each cell contains one M -antenna BS and serves K single-antenna users simultaneously at the same frequency. The users randomly locate in all cells. For analytical convenience, cell 1 is chosen to be the reference cell, and the BS in it is denoted as BS 1. Let G l ∈ C M ×K denote the channel response between all users in the l-th cell and BS 1. The channel matrix G l is expressed as
where In this paper, we consider Ricean fading channels, where both an LOS component and a Non-Line-of-Sight (NLOS) component caused by scatters are taken into consideration. For the reference cell, the channel matrix H 1 can be decomposed into an LOS componentH 1 and a scattered component H R,1 . As discussed in [24] ,H 1 only exists in the reference cell because of the short range between BS 1 and the users in it. Furthermore,H 1 is assumed to be a deterministic term [25] , and it is given by
where d denotes the antenna spacing, λ is the wavelength and θ k represents the arrival angle of user k which lies in the interval [−π/2, π/2]. The entries in H R,1 are modeled as the independently and identically distributed (i.i.d) zero mean circularly symmetric complex Gaussian (ZMCSCG) random variables with unit variance. For the interference cells, since the distances between users in the interference cells and BS 1 are longer than that between users in cell 1 and BS1, there would likely include more scatters and building blocks. As a result, longer distances significantly reduce the possibility of LOS transmission, leading to an assumption that the LOS components do not exist anymore between BS 1 and the users in the interference cells [26] . Therefore, channels between users in the l-th (l = 1) cell and BS 
where
, and H R,l is the NLOS channels of the users in the l-th cell to BS 1. Furthermore, the channel matrix G l is re-expressed as
and
In this paper, the block fading channel is considered, where the channel remains constant over a coherence interval T and varies independently between one coherence block and the next. In practice, the systems require CSI at the BS for adaptive receive beamforming. Such CSI is typically acquired by a known pilot sequence with a length of τ symbols in T , and it is inserted in the information data symbol sequence [28] . We assume that all users in all cells simultaneously transmit pilot sequence, and the same pilot sequence is reused among different cells. During the uplink training phase, the received pilot signal of BS 1 is
where W P ∈ C M ×τ denotes additive noise with each element is an i.i.d ZMCSCG random variable with variance σ 2 P . Here orthogonal pilot sequences between K users in the same cell are considered, hence
On the other hand, the received data signal at the reference BS is written as
where X l ∈ C K ×(T −τ ) represents the uplink data transmitted by all users in the l-th cell, and each data symbol is an i. 
III. JOINT PROCESSING IN MULTI-CELL MULTI-USER MASSIVE MIMO SYSTEM
Note that the separate processing inevitably introduces channel estimation error, which eventually results in the mismatched decoding. Regarding the joint processing, data transmission also carries some useful channel information so that channel estimation is based on both pilot symbols and data signals. Hence joint processing gives rise to a more accurate channel estimation and brings a capacity improvement in comparison to a separate processing which channel estimation is solely based on pilot sequences. Now, we analyze system capacity of the joint processing of pilot and data sequences in massive MIMO systems. Different from the previous work [22] which concerns the conventional signal-cell MIMO system, we consider a multi-cell multi-user scenario which is a more realistic and complex network structure. Considering the joint processing, the system capacity for the reference cell according to the mutual information is given by
where (a) follows from the chain rule of mutual information, and
The expression of the above mutual information is intractable due to the computational infeasibility as the complexity increases exponentially with the pilot length. Inspired by [23] , we move on to further investigate the mutual information. For the first term of the right hand side in (10), we have
where (a) holds because the knowledge on Y P and X P does not impact the mutual information between X 1 and Y D with the perfect CSI G. Furthermore, (b) follows from the chain rule of mutual information, and I (X 1 ; G)= 0 lies in the fact that G is independent of X 1 . Conditioned on the channel matrix G, the mutual information between the received signal Y D and the desired transmitted data sequence X 1 is the system capacity with perfect CSI. As for the second term in the right hand side of (10), the physical meaning is not so intuitive. By utilizing the information theory, we obtain the following expression
Following from the principle that conditioning reduces the entropy, we obtain
where X D denotes data signals from all the users in all L cells
In the traditional separate processing, receiver performs the channel estimation only based on the predefined pilot sequence X P and the observed signals Y P . Thus, for the right hand side of (14), the uncertainty of G conditioned on X P and Y P relates to the estimation error while operating the solely pilot-based channel estimation. Hence, we have
whereĜ pil andG pil are defined as the channel estimation matrix and the error matrix for separate processing, separately. When joint multi-user minimum mean square error (MMSE) receiver is employed at BS 1, according to the wellknown properties of MMSE estimate, the estimation value is independent of the estimation error, which leads to (a). Equality (17) reveals the fact that the uncertainty of channel is decided by the estimation error. Similar to the above analysis, we can obtain the following expression
whereĜ joint andG joint denote the channel estimation and error matrices for joint processing, respectively.
In order to obtain a more explicit conclusion, we further consider the detailed properties of the above expression. Regarding the fact that the error processes of MMSE channel estimation are zero-mean jointly proper Gaussian [23] , we can deduce that the uncertainty of channel estimation error is decided by the covariance matrix of the estimation error. Hence, we have
where pil and joint denote the covariance matrices of the estimation error for separate processing and joint processing, 83618 VOLUME 7, 2019 respectively. For (19) , the expectation operations with respect to X P are removed because the pilot sequence X P is determined. Substituting (19) and (12) into (10), a lower bound on the system capacity for the reference cell with joint processing is given by
Hence, the lower bound of the system capacity is decomposed into three parts: the system capacity with perfect CSI, the channel estimation uncertainty by separate processing and the channel estimation uncertainty by joint processing. Moreover, (20) straightly and clearly reveals the advantage of joint processing scheme: it compensates for the information loss in separate processing, while the compensation part is related to the third term of the right hand side in (20) . In the following section, considering the multi-user multi-cell massive MIMO systems, we turn to analyze these three terms individually.
IV. THE CLOSED-FORM EXPRESSIONS OF THE THREE TERMS A. SYSTEM CAPACITY WITH PERFECT CSI
For analytical tractability, we start with studying the received data signal at a symbol time interval t. The received uplink signal of BS 1 at time t is
where x l (t) and w D (t) are the t-th columns of X l and W D , respectively. According to [29] , when the perfect CSI is known, the ergodic capacity for multi-user multi-cell system adopted the MMSE receiver is given as the follows
Although the channel matrices in practical applications are imperfect and outdated due to channel estimation error and feedback delay, here the CSI is assumed to be perfectly known since we mainly focus on analyzing the spectral efficiency performance of joint processing rather than designing the CSI acquisition schemes.
In the following, we consider the massive MIMO systems with a large number of antennas at BS, and derive the closedform expression for the achievable sum-rate. For notation convenience, we define
Then G 1 =Ḡ 1 + G R,1 . Considering separating the LOS and NLOS parts, we proceed as the follows
where (a) is obtained by applying the determinant identity det (I + AB) = det (I + BA). For (b), U LOS represents the matrix including the LOS part which is shown in (26) , as shown at the bottom of this page. Here U NLOS refers to the scattered signal part, where
Since assuming the number of antennas at BS grows unlimited is a reasonable approach to study the properties of massive MIMO systems [30] , [31] , we obtain the following asymptotic expressions from the Theorem 3.4 and
Accordingly the above analysis leads to the asymptotic expression of the NLOS part in (27)
Here we define a matrix ∈ C KL×KL as
For the second term in the right hand side of (22), we can derive the following asymptotic approximation by similar steps above
By substituting the above two approximated results into (22) , the asymptotic expression of the capacity lower bound for massive MIMO systems with perfect CSI is given by
where the expectation is operated with respect to the scattered channel component.
B. CHANNEL ESTIMATION UNCERTAINTY WITH SEPARATE PROCESSING
This section we focus on the second term of the right hand side for (20) , which involves the covariance matrix of the channel estimation error for the separate processing. As the channel estimation is solely based on the pilot sequences, we first investigate the received pilot signal and rewrite (7) as the follows for ease of notation
where X P denotes the pilot sequences of all L cells, and it is defined as
Moreover, we rearrange the channel matrix G in the order of rows to reform a vector, which is
where g m corresponds to the m-th row of G. More clearly, g m is given by
where Ḡ 1 m is the m-th row ofḠ 1 for the reference cell, and G R,l m denotes the m-th row of G R,l . Since the first K elements of g m indicate the channels between the K users in cell 1 and the m-th antenna at BS 1, g contains both the LOS and NLOS parts. It is obvious that g can be re-expressed as
Based on the above re-expression on the channels, next we analyze the received pilot signal of the m-th antenna at BS 1, which is
where w P,m indicates the m-th row of W P . From (40), it is easy to obtain the error covariance matrix when using MMSE estimator, and it is given by pil,m = cov
As the LOS component is conventionally assumed to be known [33] , [34] , we obtain the follows by substituting (39) into (41) pil,m = cov
According to the channel model stated in (4), we have
On the other hand, the orthogonality of pilot sequences leads to the followings
From (43) and (44) we conclude that pil,m in (42) is irrelevant to m. Therefore, for all different receive antennas, the covariance matrices of MMSE channel estimation error in (41) have the same value. The reason lies in the fact that the fading processes on individual sub-channels with respect to different receive antennas are independent and identically distributed. Hence, by neglecting the antenna correlation, the covariance matrix for the system can be expressed as
Finally, we obtain the channel estimation uncertainty with separate processing which is given by
Here, the result in (46) obviously indicates that the channel estimation uncertainty with separate processing is a certain term involved the Ricean factors and the large-scale fading coefficients.
C. CHANNEL ESTIMATION UNCERTAINTY WITH JOINT PROCESSING
The advantage of joint processing strategy is supported by making full use of the received data signals to assist the channel estimation. Similar to (35), we rewrite the received pilot signal as
Here X D denotes the data transmitted from all users in all L cells, which is
Aiming at exploring the performance gain of the joint processing, we should combine the pilot and data signals in a received signal, yielding the followings
Thus the joint received signal for the m-th antenna of the reference cell is given by 
As discussed in the above Section, we know that pil,m is independent of m, while (52) shows that is also irrelevant to m. Therefore joint,m are identical for all antennas deployed at BS 1. According to the independency among fading processes on individual sub-channels with respect to different antennas, the estimation error covariance matrix for g T is given as the follows with ignoring the antenna correlation 
V. ERGODIC SPECTRAL EFFICIENCY WITH JOINT PROCESSING
Now we investigate the closed-form expression of the spectral efficiency lower bound for joint processing in (20) . The analysis of the three terms in (20) are further performed to figure out their closed-form expressions.
For the first term of the right hand side in (20), since we neglect the temporal correlation of the channels, the ergodic capacity of cell 1 with perfect CSI can be computed as
(55) VOLUME 7, 2019 Considering the other two terms in (20) , from (46) and (54), it is found that
where for (a) we use the fact that pil,m is independent with X D . Obviously it is necessary to derive the closedform expression of det ( ), however it is not easy to address this issue directly. Therefore, we introduce a useful lemma as the follows to help exporting the ultimate closed-form expression.
Lemma 1: Let P be a permutation matrix for rearranging
pil,m into a block diagonalization matrix A, we can obtain the follows
Proof: See Appendix A. Utilizing lemma 1 and substituting (56) and (55) into (20), we obtain the ergodic spectral efficiency as follows
By Jensen's inequality, this yields
where (a) follows from the fact that the elements of X D are i.i.d ZMCSCG random variables with unit variance. From (58) it can be seen that the element distributional properties of X D and X D are same, this is because the permutation matrix multiplication does not affect the element distributional properties. Motivated by the above analysis, the next theorem provides the closed-form expression of the ergodic spectral efficiency.
Theorem 1:
The ergodic spectral efficiency with joint processing of pilot and data symbols in multi-cell multi-user massive MIMO systems is lower bounded by
Proof: See Appendix B.
VI. NUMERICAL RESULTS
In this section, simulations are conducted to validate the performance of joint processing strategy and verify the accuracy of the proposed closed-form expressions of the spectral efficiency in multi-cell multi-user massive MIMO systems. Furthermore, the advantages of the joint processing strategy are discussed compared with transmission schemes with perfect CSI and separate processing. Note that the assumption of perfect CSI is widely applied for performance analysis in massive MIMO systems [35] , and here we consider such an ideal scenario in order to investigate the properties of joint processing strategy. Some interesting and meaningful results can be observed from the numerical results. In this paper, as a comparison, we use the expression of the spectral efficiency by separate processing which is proposed in [36] , and it is denoted as C sep . A cellular system with 7 cells is considered, and the cell radius R is 1km. Each BS is located at the center of a cell, and M = 40. The path loss exponent α is set to be 3.7. To ensure the result repeatability, 4 users are distributed uniformly on a circle of radius 2/3 around their corresponding serving BS [37] . Assuming all users in the same cell have an identical Ricean factor, and the Ricean factor is adopted among three classical values 0, 3, 5 according to [27] . For simplicity, all of the spacings between adjacent antennas at BS are assumed to be 1/2 of the wavelength, and the arrival angles are uniformly distributed, which means Fig.2-Fig.4 and Fig.6 we choose the channel coherence interval T = 1024 and the pilot length τ = K .
In Fig.2 , the simulated ergodic spectral efficiency lower bound in (59) is compared with the theoretical approximation in (62) to validate the accuracy of the proposed close-form expression. The spectral efficiency saturates along with the growth of SNR due to the pilot contamination and the cell interference. Massive MIMO can operate also at lower SNRs, but results in a performance loss. When ϑ = 0 the Ricean fading channel turns to a Rayleigh fading channel without LOS component, thus the channel is totally unknown to the receiver. Hence the spectral efficiency has the lowest performance when ϑ = 0. Furthermore, Fig.2 shows the tightness between the simulation and theoretical results, therefore we use the closed-form expression of spectral efficiency for the following numerical work.
As seen from Fig.3 , the spectral efficiency gains a better performance as the Ricean factor grows for all the signal processing schemes. Fig.3 indicates that the joint processing provides a better performance in spectral efficiency compared with separate processing. It is reasonable since the received data signal carries a certain amount of CSI, and the joint processing can make use of this part of CSI to improve the channel estimation accuracy. In order to discuss the advantages of joint processing in spectral efficiency and the effect of Ricean factor on system performance, we depict Fig.4 . Fig.4 explicitly shows the liming case ϑ = ∞ achieves the best performance in terms of spectral efficiency as the channel is determined without any scattered signal part. More importantly, from the curves plotted in Fig.4 , it can be observed that the spectral efficiency always gains benefits from utilizing joint processing compared with separate processing no matter how ϑ varies. As for the crossover between C perf when ϑ = 0 and C joint when ϑ = ∞, it implies that the joint processing achieves a better performance thanks to the strong LOS signal intensity although all the scattered signals are perfect known for C perf .
Next, Fig.5 investigates how the pilot sequence length affects the spectral efficiency by assuming K = 4 and T = 1024. When CSI is perfect known, it can be seen VOLUME 7, 2019 FIGURE 6. Ergodic spectral efficiency versus the coherence interval in multi-cell multi-user massive MIMO system. that the pilot length does not affect the spectral efficiency. For separate processing, CSI is completely determined by pilot symbols through channel estimation. Hence lengthening the pilot sequence can improve the channel estimation accuracy, and achieve a better spectral efficiency performance. However, the continuous growth of τ even leads to spectral efficiency reduction for separate processing as observed from Fig.5 . This is because more pilot symbols will lead to a higher system overhead, the pilot expenditure becomes the main limiting factor of the spectral efficiency performance. Consequently the spectral efficiency gain benefited from adding more pilot symbols cannot compensate the extra system overhead in joint processing strategy. Therefore we can see that the spectral efficiency function firstly increases and then drops with respect to τ in joint processing technique. As for the joint processing, received data signals also carry certain amount of knowledge for CSI, thus channel estimation performance is not completely decided by pilot sequence. Although longer τ may provide more CSI contained in pilot sequence, it will cause the CSI reduction for data signals as well. Moreover, increasing the length of τ mainly gives rise to a higher system overhead. Therefore, for joint processing, the spectral efficiency performance degradation keep going along with increasing τ . Different from the spectral efficiency with perfect CSI, the function of spectral efficiency of joint processing scheme is monotonically decreasing with increasing τ .
In order to provide an assessment of the influence of coherence block length, Fig.6 plots the spectral efficiency as a function for various signal processing strategies. When CSI is perfect known, the spectral efficiency will not be affected by T due to the fact that system capacity is constant at each moment. In separate processing, when T is relatively small, increasing T leads to a pilot overhead reduction, and finally brings the system improvement in spectral efficiency. However, when T reaches a large enough value, the pilot overhead can be neglected comparing with T . Therefore, the spectral efficiency finally tends to a fixed value when using separate processing. For joint processing, fixing the length of pilot sequence, increasing T means lengthening the data signal. The system performance is surely improved since the channel estimation accuracy is promoted.
Interestingly, in Fig.6 , there exist some crossovers between joint processing and separate processing strategies which seem to be a different result from previous work [22] . In [22] , it discussed the joint processing in SISO and single-cell MIMO scenarios, and the joint processing always shows a better performance in spectral efficiency for any values of T . However, here we investigate the multi-cell MIMO system where it involves much more interference from surrounding cells. The received data signals for cell 1 are interfered by other cells, hence data signals may contain little useful information for channel estimation with insufficient length of T . Then the spectral efficiency performance for BS 1 is mainly limited by the interference, and joint processing may have a worse performance than separate processing due to the signal detection complexity. With the growing of T , the data signal takes more useful information for channel estimation, and leads to spectral efficiency improvement. In addition, Fig.6 indicates that the spectral efficiency for joint processing converges to C perf , and it outperforms separate processing in terms of spectral efficiency.
VII. CONCLUSION
In this paper, we analyze the performance of the joint processing strategy in multi-cell multi-user massive MIMO system with Ricean fading channels. Making full use of the CSI carried by data symbols, the joint processing provides an solution to improve the system spectral efficiency by achieving a higher channel estimation accuracy.
Based on the mutual information analysis, we lower bound the system capacity to obtain a tractable expression and decompose it into three terms with explicit physical meanings. Utilizing the properties of information theory and large dimensional matrix, we derive the closed-form expressions for the three terms. Numerical results verify that the joint processing can compensate for the information loss of channel estimation in separate processing, and the closed-form expression is proven to be accurate. In addition, we study how the lengths of pilot sequence and coherence block interval affect the spectral efficiency in joint processing, respectively. Since channel estimation depends on both pilot and data signals, lengthening pilot sequence leads to performance degradation due to the serious pilot overhead. Moreover, joint processing achieves a better performance by increasing the length of coherence block interval and eventually reaches the system performance with perfect CSI. Our analysis supports the application of joint processing in multi-cell multi-user massive MIMO systems. 
From the above expression it can be seen that each K -th order sub-matrix of
pil,m is a diagonal matrix. Hence a new block diagonal matrix A can be obtained by introducing a permutation matrix P to generate a columns and rows rearrangement, which is given by
where A k is shown in (66), as shown at the top of this page. Since a permutation matrix is also an orthogonal matrix, then . . .
Substituting (68) into (52), it yields to
Considering (56) 
This completes the proof.
APPENDIX B PROOFS OF THEOREM 1
Applying the properties of block diagonal matrix directly to A −1 , we have
. . .
The second term in the right hand side of (60) becomes
In the following we focus on getting the closed-form expressions for log 2 det A k and log 2 det A k + T −τ σ 2
UL
I L . 
Hence the determinant of the above lower triangular matrix is log 2 det A k = log 2 ϑ k + 1
Following the similar steps described above yields (75), as shown at the top of this page. Substituting (74) and (75) into (60), the closed-form of ergodic spectral efficiency in theorem 1. This completes the proof.
